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ABSTRACT 


An analysis has been made of the changes in heat content of the 
surface layers (above the 26°C isotherm) for a portion of the Gulf of 
Memtcouil Order to determine the total amount of heat transferred stem: 
@ieesca to the air during the passage of Hurricane Betsy in September 
of 1965. Estimations were made, at various distances from hurricane 


center, of the rate at which this heat was transferred. 
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INTRODUCTION 
Review of the Literature 


It is generally accepted among most oceanogravhers and meteoro- 
logists that the primary source of fuel for development and maintenance 
@e hurricanes is provided by the oceans. The initial triggering 
mechanism is normally in the form of a preexisting low level tropical 
Omseurbpance (Riehl, 1954). Further, if as thought that this fuel@es 
Beovided in the form of latent and sensible heat transfers from themeca 
to hurricanes, at a rate far above that associated with normal atmos- 
maeric wind Circulations characteristic of tropical and semi-tropical 
meoions. 

Kuo (1957) has constructed a mathematical hurricane model which 
requires ''a warm ocean with a temperature higher than sea level air 
temperature, so as to give a continous flux of heat and water vapor 
fem sea to air'’. Fisher (1957), in a study of five hurricanes in the 
Western Atlantic, has attempted to show that the behavior of these 
hurricanes was somewhat influenced by their proximity to local areas of 
melatively higher sea to air heat transfers. Riehl (1963), in examin- 
ing the origins and possible modifications of hurricanes, has concluded 
that a rapid pick-up of latent and sensible heat is required for 
hurricane development and maintenance. Malkus (1962) provides an 


excellent summary of the air-sea interaction principles involved in 








this transfer and concludes that the rates of transtepseun io pee 
passages are much greater than those for normal atmospheric conditions. 
Tisdale and Clapp (1965)3im a study of hurricanes as related sromaun= 
sea interaction parameters, concluded that once a tropical disturbance 
had formed, the rate of transfer of heat from the oceans was instrumen- 
tal in determining further development and growth. Perlroth (1966, 
unpublished manuscript), in a study of sea surface temperature patterns 
in relation to hurricane behavior, concluded that warmer sea surface 
tongues often indicated a deeper mixed layer, thereby providing a great- 
Saevossible heat source for hurricane utilization. 

Unfortunately in the studies cited above the investigators had 
meeess to little, if any, consistent oceanographic data for boty beuone 
and after cases of hurricane passage. For the most part they based 
@ecir work primarily on sea surface Rennenanine charts gathered from 
any available source, including monthly mean SST charts and merchant 
ship data. Consequently, there was in effect no real Knowledge of the 
amount of heat transferred from the sea to the hurricanes studied, a 
Gritical piece of missing information. This lack of knowledge of the 
Meade transter rates out of the oceanic environment can lead to rather 
Mipererent Conclusions on the part of investigators. For instance 
Peper too? jeeinm analyzing the aftér erfectsson wiinricane Hi ida. 
Reported a drop in surface temperature of up to 5 @ in certain regions. 
Haken at face value this could mean an extraordinarily farce amount of 


cooling and mixing at the surface. However, because he had access to 








post-hurricane temperature-depth data in the form of numerous bathyther- 
mograph observations, he was able to show that this large drop was 
primarily the result of upwelling and not the result of heat transfer 
to the atmosphere. Stevenson (1965), analyzing Hurricane Carla, con- 
cluded that indeed there was a great deal of mixing and cooling in the 
ewintace layer. It IS interesting to mote that Jordan (1964), ane 
theoretical analysis of heat transfers associated with hurricanes, has 
indicated that the maximum possible decrease of sea surface temperature 
due to heat loss to the atmosphere, within 72 hours, is 2°F. 

At the present time there exist only a few known attempts at 
a quantitative determination of these Meanetene: Malkus and Riehl 
(1960) have constructed a theoretical model of a moderate hurricane. 
Using the turbulent transfer equations of Jacobs (1941) they computed 
a figure of 3140 gm-cal/em-day as) the nate ot heat) transremet commence 
sea to their theoretical hurricane. In the only known case of actual 
data usage, Leipper (1967), using post Hilda data, estimated the heat 
ieeeeto the hurricane in the region of Hilda's path to be on the order 
of 4150 gm-cal/cm*-day. This estimation was based upon an analysis of 
post Hilda temperature-depth structure which indicated in which areas 
heat had been lost. 

There have been many studies made attempting to tie the behavior 
Ge hurricanes to the oceans' heat transféu characteristics, but there 
is really no conclusive data concerning the magnitudes of this transfer 
based upon observed ocean thermal structures both before and after the 


passage of a hurricane. 








Obiective 


The objective of this thesis is to make a study of a single 
hurricane for which data is available (Betsy, 1965) and attempt to 
determine, within the limits of this data, the actual amount of heat 


transferred from the sea to the hurricane during its passage. 
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APPROACH TO THE PROBLEM 


Unfortunately the present state of technology does not permit 
one to actually enter an area where a hurricane 15 i progresseimeondc 
to measure flux transter characteristics, even if apparatuseycnoeay ai) 
able to take these measurements. Two cruises under the direction of 
tie Dale F. Leipoer., léxaseecr@Umiversity, by the university ceeeceauen 
vessel R/V Alaminos, fortunately provided what is believed to be the 
best oceanographic data collection during periods just prior and just 
after the passage of a hurricane through oceanic waters. An additional 
euuise by the same vessel, plannmec and coordimated by Professor Jehmale 
Cochrane, Texas A&M University, provided substantial peripheral data for 
mars anvestication. Chapter 1V includes the specific times, dates jean 
Miata Utilized for each of the three cruises. 

It was thought that if comparative temperature-depth data from 
@iespetore and after sittlations were proverly analyzed and appliee tie 
@otal heat transferred from the sea to the hurricane could be computed 
based upon an observed change in total heat content of the ocean over 
eeselectea volume. 

In order to clarify the remainder of this studv, the following 


@erinitions are stated as they will be used here. 


(1) The hurricane: This includes the actual region orf 
Hurricane force winds andetitemntrricane'’s associatec wind 


frebdsbevyona this résionymeoeeic limits ot the data: 
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(2) The selected volume will hereinafter be referred to as the 
area overlying the volume, meaning that computations will 
reflect changes in a water column, manitesteqsa-ma pen 
unit area value at the surface. 

(3) The terms heat content and heat potential are synonymous 
in magnitude. They refer either to the ocean heat content 
of the volume of anvestigation, or to heat potenti aya 
able in the ocean to the hurricane, each referred to 26° 


water. Specific cases may be determined from contexts 


There are a number of processes taking place during passage of 
paiuericane which would tend to change the total heat content of a 
So1umn of water at any one location. Among these are mixing, advection, 
Mexeliing, and flux transfers to the hurricane itself. Im Grder to wde— 
termine the combined effect of sensible and latent heat transfers alone, 
Miems1ze Of the other three factors would normally have to) be known 
However, if the thermal structure over a wide e€nouch range of surface 
Meaeers around the hurricane were known both before and aiter its 
Paosage, then this entire area could be treated as a closed system, the 
heat potential above a selected base level computed for the area both 
masore and after the hurricane, with the difference being indicative of 
Meeeneat transferred out of the oceanic emvVironment. Mixing, advection, 
and upwelling would manifest themselves as a rearrangement or redistri- 
Bmeren Of heat within the area. A change in heat content at any 


Specific location would be accounted for partially as a loss from the 





ocean, and partially as a redistribution to some other location. 

It was determined from an analysis of the data distribution 
of cruises 65-A-l1l, 65-A-12, and 65-A-135 that data were available for 
an area large enough to allow the utilization of this system of measure- 
itent Of difference of heat potentials in the Gulf of Mexi Commence stem am 
selection of the area, a critical part of this study, is diseussedwim 
@etail in Chapter ITI. 

In order to compute heat potentials such that the final solution 
iMeemanifested a4s°a per unit area value at the surface, it 1s necessary 
to examine the problem in three dimensions. It was decided to make the 
base of the area (volume) under consideration not a constant depth, but 
rather a constant temperature. A temperature of 26°C was chosen for the 
following reasons. It is generally accepted that hurricanes form only 
over water of surface temperature greater than 26°C (Jordan, 1964; 
Byers, 1959; Ramage, 1959). This concept has been extended in this 
study to imply that, since a hurricane is primarily a thermal engine 
fueled from the sea (Malkus, 1962), it receives little or no fuel if 
the sea surface temperature falls below 26°C. Further, although an 
analysis of sea surface temperature patterns (Figures 1, 2) indicates 
a definite drop in sea surface temperature following the passage of . 
Betsy, nowhere was the drov to a temperature below 26°C. The minimum 
surface temperature recorded was 26.9°C (BT No. 69, cruise 65-A-13). 
Therefore it can be assumed that water of a temperature less than 26°C 


probably provided no heat to Betsy. 





That there was extensive upwelling associated with Betsy is re- 
ported by Leipper (to appear). His analysis of Hilda (1967) indicates 
that the appearance of upwelling occurs only late in a hurricane's 
passage, because of the time lag necessary for the formation of Ekman 
mype currents. Therefore it is assumed that the upwelled water pro- 
wided little or no heat to the hurricane. This is academic with regards 
to this study however, since a total change over a large area is being 
dealt with. During Betsy's passage the upwelling did serve to push the 
26°C isotherm toward the surface in some areas (Figure 3, 4). This 
would mean that at a location where this occurred there would be a great 
change in heat potential. This would be compensated for by the warmer 
surface waters being pushed aside from this location into another area 
maere they would possibly increase the heat potential of that area. 

To summarize, the approach is to calculate the heat potential 
above the 26°C isotherm over a selected area both before and after the 
passage of Betsy, compensate for intra-oceanic redistributions of this 
feae potential by judicious selection of the area of investigation, and 
mitemeutilize the difference between the two computed heat potentials as 


miatcative of the heat lost to the hurricane. 
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SELECTION OF THE AREA OF INVESTIGATION 
General 


Since the entire problem was based upon taking the wdipterene— 
between two values of heat potential over a wide area of the Gulf of 
Mex1co, it was imperative stnat the actual size and Shape of tievames 
memcarefully chosen. The areca fadeto be big enough so that i1teaneludea 
as much of the Gulf as possible that eee ened by Betsy, yet eseouae 
mieeimherently limited by the data available. Ideally there should 
ieee been data for the entire Gulf for both before and after the pass= 
meeeOt Betsy, Simce the passage of a hurricane through a mediterranean 
fed acts in much the same way as a stone dropped into a pond, serfecting 
the pond even to its furtherst extremities. Practically speaking it is 
very fortunate that there were any data at all bracketing the passage 
of a hurricane. A perusal was made of the 170 known hurricanes which 
developed in the Atlantic Ocean between 1941 and 1965 utilizing the 
Peesrtions as indicated by Tannehiall (1956), Dunn (1956), Hageard (1959); 
Pieelg64, 1965), Cry and De Angelis (1965), iam erder to determine if 
any temperature-depth data were available for before and after situa- 
mons. All of the data available in Texas AGM University's files were 
enecked, along with the personal files of Some of the staff members. 
Peeocal ot three cases were found which = comtained reasonable data. "one 


Of these cases was considered to have anywhere near ample coverage for 
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attempting a study of this type. Appendix A contains a listing of the 
particular hurricanes wandeOunem nertincnit datas 

The following is a listing of those factors which were consider- 
ed most important in determining the final area to be utilized. A 


a@rscussion of each factor follows the complete list. 


(!) Ihe “data avatlaibite: 

(2) J Ine path of sternite amen 

(5) .Ihey size Of Enemnunetcane: 

(4) The speed of propagation and the force of winds. 
(Sie Uoweiling ; 

(6) Hydrographic conditions and time lag between data 


collections and hurricane passage. 


Avail lable wiaera 


Bathythermograph observations were available in varying amounts 
over an area bounded by the 84th and 94th meridians and the 21st and 
30th parallels. However the distribution of data was such that there 
were no observations available south of the 24th parallel after Betsy's 
mecace, Further there were no data collected in the nortmeast corner 
Seethe Gulz in the region bounded on one Side by the Florida coast, and 
Bie Others by the 27th parallel and the 36th meridian. Commencing with 
me 85th meridian (See Figure 5) and proceeding along Betsy's path, it 
ean be seen that she passed through sevem@separate latitude-longitude 


Bauares, sive Of which contained observations both before and after 
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passage, and two of which contained observations collected only after 
passage. The squares to the north of the western section of her path 
Contain a better distribution of data than those analagous squares to 


mae morth of the eastern section of her path. 
Patiworehurrtcane 


Betsy entereastne Gultyon a westerly course on the mornimngees 
meocpcember just south of the tip of Florida. At about 2200 (CST) on 
the evening of the 8th she turned approximately 15° to the right to a 
course of about 295°T. She maintained this course with some siight 
north and south meanderings until about 1000 on the morning of the 9th. 
At this time she again turned to the right to a course of about 324°T 
along which she proceeded, again with slight meanderings, until she 
went ashore at Grand Isle, La., at about 2100 on the CVel i mge Onur memecaae 

Because of the data distribution described above, it was decided 
to make the 082200 position of the hurricane (25.6N, 84.7W) a point 
through which would be drawn the southeastern boundary of the area to 
Deysimvestigated. This was a line perpendicular to 295 1, running ain 
a 025-205°T direction. Her mean path was taken as described above and 
Meedaized as a two-sectioned axis, parallel to which the northeastern” 
and southwestern boundaries of the area would be drawn. Finally, in 
Order to avoid the problems associated with passage over land, the 
northwestern boundary was laid out as a line, perpendicular to 324°T, 


@igough a point just southeast of the extremities of the Mississippi 





eZ 


Delta region. Thus the combination of data distribution and hurricane 
path indicated in a general way what the final perimeter of the area 


would be. 


Hurricane Size 


Betsy was a relatively large hurricane having an eye approxi- 
mately 35 N.M. in diameter, with hurricane winds extending out to about 
75 N.M. from hurricane center. Therefore, in order to assess heat 
transfers on an areal basis, the radius of investigation would have to 


excend beyond 75 N.M. 


Speed of Propagation and Force of Winds 


As Betsy moved into the Gulf her forward speed increased such 
mice she crossed the Gulf at an average speed of about 14.7 kts. The 


Eeanaard flux transfer equations are of the general form: 


ds 


AG Where: 


PIOpemsy ilequestion 
dimension in question 
a constant 

density 


fllx transrer 


Fs = -oks x 


TIO ALN M 
tf 


The equations for transfer of sensible and latent heat fluxes from 
sea to air are derived from this basic equation. These (Malkus, 1962) 


mee Fiven as follows: 


Qs = pc c ,(To-Ta)u, Where: Qs, Qe = transfer of sensible and 
P latent heat, respectively 
Qe = oLc,(q_-a_)j)u © = specific heat of se€auvaeer 
de"O7ae a p . 





iS 


C, = transtcrrceosmleicne 
T = tempera guise 
Oo, refers to ocean surface 


a, refers to elevation at which 
measurements were taken 


u = wind speed 


q = specific humidity 


There is still much debate over the validity of the flux 
macanster equations. However, it will suffice to say here that at 
the air-sea interface, and close to the surface, where turbulent 
shear flow is the primary causal factor of exchange mechanisms, the 
flux transfers are generally linearly proportional to wind speed 
(Malkus, 1962). This is an important concept and will be utilized 
ifpeguently in this paper. 

Considering the cyclonic wind circulation associated with 
Mimyacanes, together with Betsy's averase propagation speed of 14.7 
Bemeciere is indicated a méan effective wind Speed over the sea 
EMerace Of about 57 kts in the right semi-circle and 44 kts in the 
Mert semi-circle of the hurricane (See appendix H). Therefore, lo- 
cations along the right hand side of the hurricane's path should 
experience transfers approximately 57/44 (1.3) times those of loca- 
tions at similar distances on the left hand side. This was an important 
factor in determining the distances to extend the radii of investiga- 


tion on either side of the mean hurricane path. 
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Physically, with respect to the sea surface, one has an essen- 
tially circular wind field, whose velocity decreases as radius increases, 
but also along each circle there is an additional gradient around that 
circle. The entire system moving in a fairly constant direction causes 
mie gradient around the cirele. Therefore, instead of éxamininesen 
area of equidimensional characteristics across the mean hurricane path, 
the area was skewed to the right hand side, thus compensating for 
miecrerences im wind speed om either side of the mean path. By makine 
this compensation, an overall average transfer rate can then be comput- 
ed as though the wind field were symmetric with respect to the mean 


fae. the 1.5:1 ratio was used to determine this skewness. 


Upwelling 


Generally speaking, upwelling is associated with eastern 
boundary currents such as the California and Peru Currents. Recently, 
however, upwelling has been determined to be associated with hurri- 
Bames. Fisher (1957) appears to have been one of the first invésti- 
Moeors CO notice tnis characteristie. Leipper (1967, to appear) has 
demonstrated upwelling features associated with Hurricanes Hilda and 
betsy. Briefly, he has described the effect as caused by the partial 
formation of Ekman currents, which in turn are a function of the cy- 
Slenic circulations associated with hurricanes. Both he and O'Brien 


(1965) agree that the upwelling results in the displacement of the 





IS 


warmer surface waters away from the central area of the hurricane's 
path. Therefore, in régards to this study of eau spevcimerdieect cm 


ences, upwelling must be taken into consideration. 
Hydrographic Conditions and Time Lag 


Betsy passed through an area containing an almost permanent 
cyclonic eddy (Figure 9). Because of the mean nine day time lag 
between hurricane passage and the post Betsy data collection, waters 
a the vicinity of the eddy would be subject to advection. The mean 
mpecd Of the eddy was in excess of 1 kt> therefore the affected water. 
Gould have been transported a distance in excess of 200 miles from 
ime time the hurricane passed, until the data wasecollected. However 
as indicated in Fisure 9, almost the entire eddy, as defined by the 
depth of the 22°C isotherms (Leipper, to appear), is included within 
the area of investigation. Therefore changes in heat content caused 
by these circulations will be accounted for as redistributions within 
mie area. 

The final area selected, using the above concepts as a basis, 
motaled 274,60 km”. The mean distance from the hurricane path was 
FSO °N-M. on the right and 115 N.M. on the lett. There were two 
latitude-longitude squares which showed high losses which did not fall 
entirely within the area. These, 24-86 and 24-87, because of 


Eneit position, could not be wholly imelwa@ed without upsetting the 
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overall symmetry of the problem. However, if they had been entirely 
included, their additional Gontribution to the overallecolueronevelld 
have altered that solution by less than 1%. 

In summary, in order to determine the actual amount of sensible 
and latent heat transferred to the hurricane from the sea, an area 
was selected which, for the most part, included not only those regions 
of maximum theoretical transfer, but also provided for movement of 
waters within the area affected by the hurricane. This provided a 
measible Situation in which simple differences of thermal charac= 
Meristics (i.e. heat potential)) could be used as a basis for determin- 


ing the heat loss from the sea. 
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COMPUTATION OF HEAT POTENTIAL 
General 


The specific heat@om sea water as 1f varies withiecemeam 
parameters is still open to question. In general it is thought to 
increase with increasing salinity and temperature, and decrease with 
increasing pressure. For this study the average salinity of the 
water was approximately 35 2700, the depth varied from sea surface to 
a maximum of 150 meters, with temperatures ranging from 30+°C to 26°C. 

cal 


Dietrich (1957) indicates a specific heat of about 0.995 ec 


this range of values. Based on this it was decided to use a simple 


cal : : 
value of 1 omeee tor the entire study, as any variances would produce 
o 


pmrors so small as to be considered negligible. 
Basic Data 


Bathythermograph readings provided the major source of data 
moeeene problems A total of 624 Bi"s were utilized from three Separate 
euuases by Alaminos. The cruises bracketed Betsy's passage in time 
from 28 days before, to 14 days after, her traverse of the Gulf. The 


Metiial cruise times and BT's utilized are broken down as follows: 


eruise No, Dates (inclusive) No. BT's used 
65-A-11 10-24 August, 1965 298 
65-A-12 $0 Aug - 8 SepyehGe 105 
65-A-13 11-25 Septenbergel o> Zou 


iL 
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The BI's were first grouped by position mae emimoiemac ree 
squares of latitude and longitude so as to form a grid system. The 
number of observations in any one grid square ranged from a low of 
fa) to a high of (33) as andveated in figure 5. Next -aneavenic a 
was constructed for each grid square. No greater value was placed 
upon a square having a large number of observations, than one having 
few, except those grid squares having only one observation (of which 
there were 5) were not utilized as representative of an entire square, 
mee rather were plotted at the point of collection. There were a 
total of 61 grid squares having at least one observation. 

The average BT's for each grid ee were constructed by a 
method which would provide for a simple means of computing heat po- 
tential. The details of the actual construction are discussed in 


Appendix B. 
Method of Computation 


The computation of the heat potential for each grid square 
where data was available was accomplished through the use of a spe- 
cially constructed nomogram. The nomogram was based upon the appli- 


cation of Simpson's Rule and the simple heat content formula: 


O== oCTh Where! jo Sscemsity scaken as. | ar 
cm 
GC Sespeeltic heat 
T = temperature 
h = depth of incremental layer 





ne 
Appendix C contains a detailed discussion of the computation method. 
Application to Geographic Locations 


A total of 403 Bi eewere vterlized to determine these 
potential prior to Betsy. These were distributed throughout 42 grid 
Squares having an area of 456,775 km? Appendix E contains a complete 
listing by grid square of the number of observations; average, maximum 
and minimum surface temperature; average, maximum and minimum depth 
of the 26° isotherm; and the computed heat potential per cm” 

Pe cOudheowe 2 leble save ncumuilizedsuondesremmime eile Icau 
potential after Betsy within 28 grid squares having an area of 
304,520 km°. Appendix F contains the same type data for the situa- 
fiom after Betsy as does Appendix E for the prior case. 

For each situation contours of constant heat potential were 
drawn on charts of scale 23 cm = 60 N.M. These contours were deter- 
mined by assuming that the average heat potentials computed were lo- 
eea at the geographical center of each square. The heat potentials 
of those squares containing no observations were estimated from the 
Semeours. The final heat potential value assigned for each grid square 
within the area under investigation can be found in Appendix G. 

PrguressOrana / show the results soimeomeouring. Figure 6 
mietcates contours o; change in heat potential from before to after 


t 
Betsy's passage. 
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DETERMINATION OF HEAT TRANSFERRED 


The final determination of heat transferred erom thicsoeccansLo 
Hurricane Betsy during her passage over the Gulf was a relatively 
Sample matter, once the prelaminary work outlined in the firstepoms 
chapters was accomplished. Appendix G indicates the total computed 
change in heat potential over the area of investigation. This amounted 
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me 486.81 x 10° om-cal, over a total area of 274.70 x 10° km*. le 


average loss on a per unit area basis was therefore computed to be: 


; 
A88.81 x 10°° gm-cal/274.70 x 10°°cm“ 


or 
2 
1770 gm-cal/cem 


The computed@iagure oF let en-eali/em- includes normal season- 
al heat exchange between the atmosphere and the ocean. Tnere has been 
Mo seasonal study of the changes in total heat content of the Gulf of 
Mexico. It is believed that the change in heat content of the Gulf on 
Eemonth by month basis is such that it would effect the above figure 
very little for the period of data collection (10 August through 25 
September). This is strictly an assumption, but one that must be made 
for lack of information. However the assumption is based upon three 


factors which lend some support to it. 
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It has already been stated that the ratevoneh teen onstcnen.on 
sea tO air is much greater for hurricane situations) cioneomnennat 
atmospheric conditions. Therefore the loss figure computed should 
ipso facto be much greater than would be incurred as a result of normal 
atmospheric conditions. Thus the addition or subtraction of seasonal 
exchanges applied to the computed figure would not be expected to alter 
this figure by a great amount. 

Dictrreas(1 957 Sareer s\lprechit. 61940) “shows that foredata 
analyzed in the Florida Straits near Key West, Florida, the total heat 
Beemtent of this region increases up until about the Ist of September, at 
which time it begins to decrease. The rates of additions and depletions 
range from about 80 eee ly ened at the beginning of August (a gain) 
to about 100 gm-cal/em*-day at tiesbpegimning Of OGtOner mame ss emia 
mean data collection date for the Betsy investigation was 31 August - 
Meoepuember. If the Key West analysis held for the entire Gulf, then 
one could say that the effect of seasonal heat exchanges upon the 
present study was negligible. 

Net Chance in heat contentwor the oceanserse mainly aetuncreren 
Of solar radiation received at the sea surface. Because the Gulf of 
Mexico is north of the Caribbean Sea, the maximum solar radiation re- 
ceived by the Gulf, considering the summer and fall months, would occur 
earlier in the calendar year than the maximum in the Caribbean. It would 
thus be expected that maximum sea surface temperatures and maximum heat 


Gencent would also occur earlier in the Gulf than the Caribbean. 
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Leipper (1954) shows that the mean sea surface eenperauimes si imechienGu 1. 
reach a maximum in August. Colon (1960), in a study of the heat budget 
of the Caribbean Sea, shows that sea surface temperatures and heat con- 
tent reach a maximum in September. Comparing the temperature maxima of 
the Gulf and Caribbean and considering their relative geographic posi- 
itons, lt 1S probable that the maximum heat content of the Gult 5 
meeained in Atigust. If this be the case then it 1s quite likely sthac 
the Betsy study was little affected by normal seasonal heat exchange. 
Mas is concluded because the period of data collection (10 August to 
25 September) was probably one over which a net gain in August was 
compensated for by a net loss in September. 

Therefore seinesne tidal semance ein enedteCOn CemeCrmelne Gulia: 
during the period of this study was probably one of low value, ranging 
fmeonea net daily gain to a net daily loss, the final result of the 
daily change having little effect upon the computed figure of 
170 gm-cal/cm’. 

Using. the computed value or Neat transtommcamecmbeus, Stared 
above, an attempt was made to determine the actual rate of transfer at 
meeerous distances from hurricane center. Because Of the use of the 
mes ometrical area with respect to mean hurricane path, the overall rate 
Sewtransier can be simply computed by determining the time required for 
Betsy to pass through the area. This time was about 21.5 hours. There- 
more the average rate of transfer over the entire area was computed to 


be: 





ZS 
L720 gm-cal/em* 24 hours/ 2155) moures 
or 
1990 em-cal/cm--day 


The computation of transfer rates at specific distances from 
hurricane center is much more complex. The general method used was 
much simplified and involved construction of an estimated wind profile 
maepetsSy, and use of the Concept of proportionality between flux 
transfers and wind speed. The details of the wind profile estimation 
are discussed in Appendix H. The details of the transfer computations 
emenciscussed in Appendix I. the final results of these computations 
are indicated below. The edge of the eve was estimated to be 16 N.M. 
meen hurricane center. The region of maximum winds was estimated to be 


eemN.s'. from hurricane center. 


Average Transfer Rates 


Distance from Average Rate wor !ransfer 
Hicricane Center (N.se) (gm-cal/cm*-dav) 

O- 16 0 

Or = SS 2020 

33 - 48 750) 
48 - 64 3070 

64 - 90 2360 

90 - 125 1790 


ee lol 1430 
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DISCUSSION OF CONTOUR CHARTS 


The three heat potential charts (Figures 6,97) 3ejmrconcoscne ime 
the heat potential above the 26° isotherm will be discussed within the 
mreamewOrk of gross trends with respect to Betsy. 

The contours for the situation prior to Betsy indicate a large 
area of high heat potential in the east central Gulf, approximately 
Bemeered Over the eddy. This area was characterized by surface temp— 
eratures above the average (29.2°C) for the entire area. The depth of 
the 26°C isotherm was in general deeper than the average (53M) for the 
Pimemre area. Ihis is a situation which Perlroth (1966, unpublished 
manuscript) referred to in his recent work; i.e. that higher surface 
memperatures would be reflected in subsurface layers. On the western 
ae ot this large heat source were three smaller areas, all containing 
a great deal less heat potential than the central area. Betsy's path 
emeped her across the entire northern half of the large heat source, 
Memewer no inference will be drawn from this. 

An examination of the heat potential contours following Betsy's 
passage indicates a rearrangement of the contours, with a general 
feeeeease Over all, except for an increase in the Morthern section of 
ie eGult . 

Ihesiiost imtormative chart’ 15°) tamm ee edepicting the change 


iieneat potential from before to after Betsy's passage. First, approxi- 
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mately along her mean path, there is a band showing less change in heat 
potential (less than 2000 gm-cal/em*) than those areas jeveier side oF 
Mer track. This is to be expected since the path overmmwimeieemee 
passed experienced a period of no winds, and periods of approximately 
equal and opposite winds. These ovposing winds would tend to negate 
mae ctfects of upwelling. Second, proceeding away from Betsy's mean 
track on either side, there is an immediate large increase in heat 
potential change. This is indicated by a maximum change (a loss) of 
9000 gm-cal/em* Iman area parallel to her track, [t appears thateene 
hurricane slowed here while making her turn to the north. The infer- 
mec 1S that if she did slow, then more time was spent in the region, and 
Wemee more heat was actually removed from the ocean. Further, Ekman 
currents would have greater opportunity to form, which in turn would 
Semeribute to an increased loss at any location in this region. On Ethie 
Martner side of this “heat loss bulge’ there is a band wherein the 
pment Of loss decreases to no loss, beyond which there 1s a sizeable 
gain in heat potential. This can be exvlained in conjunction with the 
before and after sea surface temperature charts and depth of 26°C 
metoemerm charts (Figures 1, 2, 10, ll). The region on the change chart 
indicating a gain in heat potential shows little change in sea surface 
memperature before and after Betsy's passaee. This Suggests that pro- 
bably not a great amount of heat was removed from the surface layers by 
MEEmnUrricaicws Tits 15 quite locicalm@ienmert) 1s considered that the 


mes In Enis sregion were much reducedme@mpared to those near the 
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central area of the hurricane. However, the depth of the 26°C isotherm 
in this region shows a marked increase. A possible cause of this is 
mixing, downwelling or a combination. O'Brien (1965), in his theoreti- 
eal model, indicates thateupwellins can occur beyond the aduusecen 
hurricane force winds, with downwelling beyond this. Therefore it is 
highly likely that this increase in heat’ potential was caused by 
meansport of surface waters into these regions. As the hurricane 
passed by, the waters in the central areas were cooled more than the 
Waters at the extremities, therefore their surface temperature at the 
eaile DOlNt 1m time should have been less. Late in the hurricane’ ’s 
passage, if upwelling developed, these central surface waters would be 
meneea oUt from the central region, leaving behind a still colder sur- 
maee water. The temperature chart following Betsy's passage indicates 
ievwest temperatures near the central region of the hurricane passage, 
ema slightly warmer temperatures further out from her mean path. The 
puirace waters forced away from the central region were therefore warmn- 
er than the waters remaining, but colder than the waters toward which 
ley were proceeding. The situation developed im which cooler surface 
waters were transported into an area of warmer surface waters, with the 
result that mixing and possibly downwelling tcok place, which was mani- 
fested as a deepening of the isotherms. Since the minimum recorded 
temperature in the central area was greater than 26°C, the displaced wa- 
mers must have been of a temperature greater than this, therefore any 


imeeion to which they proceedec would receive an input of heat potential 





on 


as defined in this study, 

It has been stated that the effects of Betsy with regard to 
changes in heat potential should be greater on the right ssidesthan son 
mime left side of her mean pauh= This 1s true in general ie mercen. 
muon is the very large change in heat potential south of thegezstern 
axis. This extremely high change is attributed in part to the eddy 
emect, It may be Seen from the pre-Betsy heat contours that the 
path of the eddy would tend to move water of lower heat potential into 
an area of extremely high heat potential, with that water then moving 
on around with the flow. Because of the time lag between pre-Betsy and 
Meee-betsy data collections, it 1s believed that this occurred such 
that these particular contours show what could be called an abnormal- 


ienich apparent heat loss in this southern region. 





C Tigawe EE R swig 


CONCLUSIONS 


The simple conclusion has already been stated in Chapter V. 
That is, the amount of heat transferred from the sea to the air 
during the passage of Hurricane Betsy was 1770 em-cal/em* over the 
meee investigated. 

The Neatweransteneravemenmicdmaumos 95/50 om-cal/cm*-day for 
the hurricane force wind area was computed utilizing an estimated wind 
profile. However it is in close enough agreement with Malkus and 
Riehl (1960) and Leipper (1967), so that it can be assumed to be reason- 
@ely accurate. 

Therefore it is thought that future investigators may assume 
for rates of heat transfer from the sea to hurricanes, a figure some- 
where within the range of 3000-5000 pee ene aces when dealing only 
with the region of hurricane force winds. 

Finally it 25 believed enapetie heat po cemeraleap pre demesc ed 
fairly novel one and provides investigators with an additional tool for 
Viewing overall changes in surface layers associated with short term 


miemospheric influences. 
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APPENDIX A 


HURRICANE DATA SUMMARY, 1941-1965 


Hurricanes, 1941-19655, for which before andvantermtenpeateune 


depth data is available. Designations after Tannehill. 


Collected 
Designation No. of Observations by (ship) RMKS 
2-4] 28 Capella 70 Bw 
1-43 44 Blanco 400' BT 
8-47 47 Wilke 400' BT 
Penn State 
Robinson 
Satsfield 





APPENDIX B 


CONSTRUCTION OF AVERAGE BATHYTHERMOGRAPHS 


The BT's were read from corrected polaroid photographs from 
the surface to that depth at which the water temperature had decreased 
to 26°C. Surface temperature data were utilized exclusively from BT 
meadings, rather than themmogrmaph or bucket readings, because of) ene 
Meecssity Of preserving the correct relationship between surface 
temperature and the depth of the 26° isotherm. 

The surface temperature readings were averaged to give a rep- 
resentative surface temperature for each grid square. This was desig- 
Mated To. The depth of each BT within a grid square was then read at an 
mierement of one-half degree below its individual surface temperature. 
These depth readings were averaged and assigned a temverature of To - 
ie. this process was continued at increments of one-half degree until 
To - 2 was completed. Finally the depth of the 26° isotherms were 
tabulated and averaged to give an average depth corresponding to that 
memperature. This method tends to distort the temperature-depth 
eeeructure slicshtlv, since it does not allow for an isothermal layer, 
meee tne BI's are read as though the temperature gradient changes 
iimerarly in segmented elements between increments of température. The 
averaging process tends to smooth out these distortions so that al- 
mmouch the final product is not representative (in shape) of a typical 
baefor any grid square, it is a fairly aecurdte representation of an 


average temperature-depth relationship for the square. The average BT 


a2 
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obtained was then used as the basis for determining the heat potential 
above the 26° isotherm. 

The following is angaliustration of tne method uscaeccrn 
determining average BT's for each grid square. The example is from 


maua collected in grid square 26-69; 5 BI’s collected duranagenmiee 


ese A-13. 
BT No. 150 151 1S2 153 154 A 

-.. To 2910 Se oe Deno IS) 28.8 
To= 12 A8 42 A2 37 33 40 
ioe AQ 43 A3 38 35 A2 
To 35/2 SO 43 A4 A0 37 43 
No=2 51 4S 46 4] 40 AS 
260 54 47 49 43 A2 Ge 


Thus the average temperature-depth structure assigned to 


area 26-89 is as follows: 


Depth (m) Temperature (°C) 
0 28.8 
4Q ZO mo 
42 218 
A3 21S 
4S Zoe3 


47 26.0 
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METHOD OF CALCULATION OF HEAT POTENTIALS 


Because of the large number of heat potentials tospeucalculavea, 


a special nomogram was constructed (Figure C-1) based upon Simpson's 
Rule: = Sy + 4y, + 2y, + dy, + yy) 
: OS a ements oY 5) t FY 3 
Where: Q = the heat potential of a water column in 
gm-cal/cm 
Ax = thesimecrval of 1/2 °C 


Y e 


Re es the depth in meters corresponding to 


CAcimEcHipemabune IMC rement 
The nomogram incorporates the 1/2° temperature interval, the specific 
eat, and the division by 3. Since the process of averaging BI's 
smoothed the temperature-depth relationship for each grid square, it 
was thought that use of Simpson's Rule with an even number of intervals 
would provide a rapid means of computing heat potential if applied to 
aemomoeram. For each average BY there were tabulated intervals of 
depth from the surface to a depth of a 2°C temperature change. In 
order to calculate the heat potential of a water column above a depth 
of a 2°C temperature change the procedure is as follows. Set the initial 
meen (Ssurtace) equal to zero, therefore the first term of the equation 
Memzero. the depth corresponding to To - 1/2 is then lined up across 
the nomogram and the heat potential for this increment is read from the 


44 column. Likewise the next intervals are read from the 24, 44, and 
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4 columns respectively. These are then summed @to—sgiventhe total feat 
potential above the To = Z asotherm for the grid eee rolamndon 
of the heat potential between To - 2 and 26°C was then calculated by 
construction on 10x10 graph paper. The gradient for this fimal Section 
was taken to be linear. 

As a check, ten random temperature-depth relationships were 
computed by an independent observer, both by this method, and by the 
equal area method. The percentage difference found was on the order 
of 31/2%. Since the order of magnitude of total heat potential per 
degree square was Oe, one the accuracy of the nomogram method is taken 
foebe 0.035 x ali. lone or plus or minus 35-350 em-cal/em* with re- 
ee-ct tO the equal area method, 

The precision of the nomogram is plus or minus 20 gm-cal/em* 
based upon the largest scale (44) and the ability to read to the near- 
est 1/4 of a gradation. For those grid squares having only a single 
Becrvation, the heat potentials were computed entirely by construction 
because of the inaccuracy introduced by an isothermal layer when using 
Simpson's Rule. 

The following is an illustration of the method used for deter- 
mining the average heat potential per square centimeter for each grid 


square; data is from Appendix B. 


(1) Surface temperature is 28.8”. 
(2) Therefore the nomogram was used to determine heat poten- 


tial between 28.8°C (To} and 26.8°C (To - 2). 
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(3) Heat potential between To - 2 and 26°C was determined by 


construction emgl0xl0 craph paper: 


to 3680 gm-cal/em~. 


Depth 
0 


40 
42 
43 


45 
local: 


Scale 


4 


44 


24 


44 


This value was equal 


Value from Nomogram 


0 
2680 
1400 
2880 


v0 
7710 gm-cal/em* 





(4) 77VOS 5630 = 1 S90 em-cal/em“, which was the accepted 


Value “for the heats potential of grid square 26-389 | Foc 


Bets 
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APPENDIX D 


DEFINITION OF SYMBOLS 


Definition of symbols usecdmineampendices Peat aGe 


BGs 


Dmax: 


Dmin: 


van 


—I! 


Tsmax: 


Tsmin: 


Average 
Maximum 
Minimum 
Average 
Average 
squares 
Betsy. 

Average 
squares 
DCESie 

Average 
Maximum 


Minimum 


(Q, - Q,) x Sizer 


within a grid square in Nome 


depth of 26° isotherm. 


depth of 26° isotherm recorded. 
depth of 26° isotherm recorded. 

heat potential above 26° isotherm in gm-cal/em*. 
in 107° gm-cal/em* 


heat potential in those cama 


falling within the area of investigation. Prior 


heat potential in 107 °om-cal/em* ii enOse etic 


Polline witiiimenc dreavor siNVeStioat loft cot 
surface temperature in °C. 

SUGtaee Lelpcmaeline ms Ccohded. 

SUrtace fcnle raummenmecorded:. 

The amount of change in heat potential 


gm-cal. 


eK 
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APPENDIX 


PRE-BETSY HEAT POTENTIALS 


The values indicated below are those observed and computed values, by location, 


prior ‘to hurnreanes betsy. 


For definition of symbols, see Appendix D. 





Location NoweBi ss Ts Tsmax Tsmin Dig Dinax Dmin 
LAT 22- 
Lo-84 4 29.6 Zo 29.2 a 120 95 
85 8 2858 295 28.4 61 100 29 
86 ] 29.0 - 7 48 = 2 
87 5S 29RG S03 ie 24 45 D 
88 14 Zoe 29.0 20a Ul yp Z 
89 9 30.8 lee 29.8 27 36 ies 
90 9 2oce 29.6 270 34 oT, 21 
91 2 29.8 29.9 29.6 58 58 58 


AD! 


19,650 
11,470 
10,860 


910 


a 


wa 


2,070 
7,680 
7,000 


17.900 
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PRE-BETSY 








Location No. BT's is Tsmax Tsmin Dag Dmax Dmin 0 
LAT 
Lo-85 9 2559 29.4 28.4 39 75 WG fee) 
86 IZ 29.8 S0R2 ZO 62 90 4] 15,440 
87 18 294 SOc 29.5 46 61 25 od) 
88 Z 2955 2955 2935 43 44 42 10,490 
9] 2 Zo 294 2950 eal 25 ae 133210 
LAT: 24 
Lo:85 10 29.4 SUGZ Doe S 59 76 42 eso v) 
86 Ly SUES 31.0 2 Oe. 10] is 76 Do oL 0) 
87 9 50,2 S70) 2942 15 150 82 21,5600 
88 8 Z0e4 29% 5 Zoo 93 108 39 19,620 
90 6 29.5 Zo 2955 42 45 59 12,590 
9] 6 2952 29 eo Zoe 43 46 4] 11,450 
92 6 2050 28.6 28.4 Sy 62 De Piecod 
93 ite) Cone, 28.9 2on4: 54 59 50 k2,.420 
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PRE-BETSY 
Location No. BT's hs 
LAT ws 
Lo: 84 8 29.4 
85 9 29.6 
86 14 29.8 
87 2 29.6 
88 9 Zon 
89 14 29.1 
90 5 29.0 
9] 6 29.0 
92 8 28.8 
93 5 2S 


Tsmax 


29.6 


ZOE S 


Zoe 


294 





Tsmin Doe Dmax Dmin 0 

28.7 53 As 45 12,700 
28.6 59 94 40 13,460 
29.3 116 130 102 22 540 
29.6 114 i eZ C25) 
28.9 92 106 7s 1 Fae 
25:.0 Edt 79 29 ee eG) 
2307 42 40 44 10,640 
28.8 34 29 37 5,830 
Zoo 46 50 40 10,580 
28.4 50 53 46 10,340 
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PRE-BETSY 





Location No. BT's Ts Tsmax Tsmin D56 Dax Dmin Q 
LAT. 3260 
Lo: 84 5 Pie Se Zon 29.6 47 a 43 ORS LO 
85 1 ZO - ~ 40 - - ORO) 
87 st 29.7 29.9 ZOra5 9] PA 60 ZO, 030 
89 ii Zone 29.4 Zor 49 68 58 ae 0) 
90 7 | oor DORE 28.9 42 46 DL 10,030 
93 6 DO Bone 29.3 48 52 43 14,390 
LAT i ee 
Lona ° ZO Zoe ZOuo 50 cu 4] 125540 
90 1 28.6 = : 47 3 2 10,250 
9] 6 Co" 2 29S Zoe7 44 90 38 10,540 
92 2 29.2 29.1 29.2 40 40 40 10,610 


oe 6 SOc 50.4 296 46 48 42 14,520 
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PRE-~BETSY 





Location No. BT's 
LAT 3 ee 
Lo:87 8 
88 4 
89 5 
90 4 
9] 6 
92 9 
93 11 
LAT: 29 
Lo: 86 2 
87 4 
88 ] 
89 1 


20.9 


20 


28.8 


205s 


204 


ZO 5 


295.5 


29a 


2052 


2620 


Zoro 





Tsmax Tsmin 26 Dmax Dmin 
2970 28.4 43 47 39 
Za 28.4 40 43 oo 
29.3 28.4 2 40 ZS 
Zoey 297 38 44 33 
30.1 Zoe 39 42 36 
Coo 29E oo 42 on 
Zo 29.0 59 40 oa 
2985 28.6 43 47 37 
29.0 2Oa5 43 52 36 
- Z 40 2 - 
= : a7 Z ‘ 


ADI 
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APPENDIX F 


POST-BETSY HEAT POTENTIALS 


The values below are those observed and computed values, by location, after 


Hurricane Betsy. 


For definition of symbols, sce Appendix DJ. 





Location No. aS Tsmax Tsmin Jog Dmax Dmin 0 
LAT: 24 
Loe at 9 Ze 28.6 287.0 a 81 46 8,490 
87 eZ 28.3 Zong Ds 93 Pe 5 14,290 
LAT 3325 
Lo:85 7 Doran Zee DS oi 66 34 105340 
86 8 235 29-0 Ze cy EOF 47 13,840 
LAT Ze 
Lo: 84 IZ 27 3o 2320 27) 38 50 24 Dee 
85 7 2 ores 29 3 67 88 48 9,600 
86 8 255 250 Z Sino 95 102 79 16,300 
87 9 28 .6 29.0 2058 95 118 a5 18,210 
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POST- BETSY 


Location NOs bates iis Tsmax Tsmin Doe Dmax Dmin Q 


Eee 


LAT 2226 














88 6 28.4 28.9 2am 2 47 55 40 11,090 
89 5 28.8 29.0 2005 47 54 42 11,390 
90 9 28). 5 2079 282 43 oo 32 8,920 

LAT: 27 
Lo: 86 4 ZO 29.0 28.0 72 96 oS 11,400 
87 1S 276 Zea2 26.9 45 66 25 oO 
88 4 Zoi 28.4 28.0 518 62 46 10,630 
89 6 Zen 28.8 2754 49 54 38 1 20 
90 5 Zee 2956 Ze7 45 De 42 J 50 
91 2 2954 29° 2952 45 46 44 10,740 

LAT: 28 
Lo: 86 5 Zea, 2840 28.6 84 87 82 18,400 
87 18 28.4 Ze 2has 64 80 50 11,840 


88 10 Zou 28.9 2 5 65 48 oe G 
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POST-BETSY 











Location No. BT's Ts Tsmax Tsmin 26 Dmax Dmin 0 
LAT: 28 
89 11 Zoom 28.9 27 Og 90 50 LOR 70 
90 10 28.0 28.5 Zit 46 85 352 Bi OW 
9] 8 28.4 29.0 27.6 45 49 40 8,080 
92 9 28.5 Zoo) 29.0 42 o/ 34 8,590 
93 6 29.1 2955 23).5 Isothermal 7,440 
LAT: 29 
Lo: 86 5 ore 2354 27.9 72 80 62 12,080 
87 10 2S 7, 28.9 23S 62 72 54 13,220 
88 3 Zoo Ze 0) Dora, at) 58 55 PSO 





APPENDIX G 


FINAL HEAT POTENTIAL VALUES 


The values below are those final accepted values applied to 
the selected area of investigation. They weré Wsed to dete mma. 


focal heat lost within’ this area. 


Location Se (107k) Q Q, (Q . Q,) X 

24-85** Poe ae. Ons 0 27 
24-86 9.31 22S S.5 1538 1287520 
24-87 5.00 216 14.3 ES 565.70 
25-84** 1.78 i227 S05 Ae 7.47 
25-85 10.84 3.5 POS Se Syd to 
25-86 10.84 ee Seo Sas 92.14 
Zoo /** 10.88 ZoRO Eon L2G Seu 
25-88 10.44 logy 13.4 575 5500) 
25-89** 5226 aa pez -1.5 -4.90 
26-84 Geo 10zs B49 On 46.03 
26-85 10.88 10.6 oes ile) 10.88 
26-86* 10.88 ae lomo 0-7 762 
26-87 LOeS8s 20.1 Hie 2 io 20 3Gr, 
26-88* 10.88 14.9 eee oa Anes 
26-89 10. 36 Tee 11.4 -0.3 =5- el 
26-90 lees 1Oe@ 8.9 ied 1.96 
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Location Size om 
Mia Ooo *  ** ).9s 
me o4* ** 10555 
ey o5* ** 10.88 
27-86* 10.88 
27-87 10.88 
2-50 * 10.88 
27-89% 10.88 
27-90 Bae | 
Ze-o4* ** 1.95 
o-oo * ** oe 
28-86* O26 & 
28-87 10.88 
28-88 10.88 
28-89 6.60 
28-90 229 
29-86 SS 
29-87 Saso 
29-88 Shs 
TOTALS 

34 274.60 


* No observations prior Betsy. 
** No observations after Betsv. 
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: 2 
Average heat lost 1m Cmtthemaeoe ner cme: 


488.81 x 10) °om-cal/274.60 X 101% em” = 1770 em-cal/em* 


pyerage heat lost on a per day basis. Hurricane crossed aredmame io 


hours: 


1770 gm-cal/em- x 24 hours/21.5 hours = 1990 emiecatl enna 





APPENDIX H 


ESTIMATION OF WIND PROFILE 


In order to properly determine the area of investiga mone 
Was necessary to construct am estimated wind profile foryBeusy ee 
data utilized in the construction was based upon estimations by Cry 
and De Angelis (1965), supplemented by the theoretical model of Malkus 


and Riehl (1960). The following assumptions were made: 


(1) Average propagation speed of Betsy was 14.7 kts, based 
Upon POSitlons asuindvedeccuin ficure 9. 

(2) Maximum surface winds attained were 130 kts. This wind 
Fegime OCCUrTed @dceawaistaneccmotgoo NM trom umn ie ame 
center. The edge of the eye was about 16 N.M. from 
hurricane center. Wind speed was assumed to be 0 kts 
within the eve, andweosneneases linearly of comm=tnemedce 
Of the eye to the maxamun wind srecime  sezlon- 


(3) The wind field was assumed to be circular in shape. 


the data points for construction of the wind profile. obtaines 


from the above sources, were determined to be as follows: 


0) 





Sl 


Distance from Humziecane 


Center Winds speed 
(N.M.) (kts) 
16 0 
oo 130 
48 109 
64 87 
88 65 
12) 50 
150 46 


From the above data a surface wind profile was constructed as a func- 
tion of radial distance from storm center, along the radius perpendicu- 
Har tO the path of the storm on the might hand side. This prorelem 
divided into linear segments as indicated in Figure H-1l. The wind 
meotile was then used to determine the average wind over the entige 


medial distance of 150 N.M. 


Average Wind Speeds by Segment 


Segment Length Average Wind Speed Segment Boundaries 
(N.M.) (kts) (N.M. from center 

Eye 16 O20 0 - 16 

A 17 O50 16 - 33 

B iS ToS 35)= Bes 

C 16 95.0 48 - 64 

D 26 fe ae 64 - 90 

E 35 Diao 90 - 125 


F 25 46.0 125 - 150 
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The average wind speed for the entire radial distance was 
computed to be 64.2 kts. Since this figure was computed along the 
radius of maximum wind velocity (i.e. these winds utilized the entire 
forward propagation speed component) the average wind speeds along the 
radii 90° to the right and left of this were 64.2 - 14.7, or 49.5 kts; 
the average wind speed along the opposite radius was 34.8 kts. Utiliz- 
ing these four average wind speeds, the mean wind speed in the right 
semi-circle of the hurricane was computed to be about 57 kts, while 
that in the left was about 44 kts. The ratio of these two (57/44) is 
Beemoximately 1.3:1.. Therefore this was the ratio used in detemmimmrs 
mine distance from the mean path of Betsy to extend the area of investie 


Peeion on the right side as compared to the left side. 





APPENDIX I 


CALCULATION OF RATES OF HEAT TRANSFER 


Chapter III discussed the concept that raves omeie meee er 
vary directly with wind speed. This concept was used to estimate the 
mates of transfer at various distances from hurricane cengcu mee 
calculations were based upon the wind profile in Appendix H, the com- 
puted average transfer rate of 1990 Deen cide, and the utilization 
of the proportionality between heat transfer and wind speed. 

Beginning at the center of the hurricane path and proceeding 
Outward along any radial line, the average rate of heat transfer along 
such a line is 1990 gm-cal/cm*-day, if the line terminates at a boundam. 
@meene selected area of investication. Jin order to make calculavyen. 
meaningful this line will be referred to as a band of 1 cm width jee: 
mime wind profile along such a band could be estimated, then ,putilizine 
the concept of proportionality between wind speed and heat transfer, 
Mines tiedt transfer rates could be computed over various segments Of the 


band based upon the following relationship: 


Avg. wind speed Avg. wind speed 
over entire band EL §eOver ssecmenc 

Avg. transfer rate Avg. transfer rate 
over entire band over segment 


This method was utilized to determine the average rates of 
Meat transfer over the segments of such a band. The band, segments, 


wind profile, and average wind speeds are described in Appendix H. 
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The final results of the computations are shown below. 


Distance from Average Transfer 
Avg. Wind Speed HurricanesGent cr rate 
Segment (kts) (N.M.) (gm-cal/cm -day) 
Eye 0 O- 16 0 
A 65 16 =a35 2020 
B 1195 33 - 48 3730 
C 98 48 - 64 3070 
D 76 64 - 90 2360 
E Dias 90 - 125 17 oo 


F 46 125 - 150 1430 
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